THE PAST DECADE has witnessed a dramatic increment in our understanding of the pathophysiology of ischemic brain injury, acquired in large measure from experiments conducted on small, readily available laboratory animals (for overview, see ref. 1) . Although well-validated models of global brain ischemia exist in the rat, 2 
"
5 the development of satisfactory models of focal ischemia in this species has nonetheless remained somewhat more elusive. We have undertaken the development of a model of transient cerebral hemispheral ischemia in the rat which would satisfy the following criteria: 1) ease of production without the need for painstaking microsurgery; 2) minimal perturbation of systemic physiology; 3) preservation of intact energy state of the contralateral cerebral hemisphere, which could serve as a control; 4) consistent localization, extent and severity of the resulting ischemic lesion; and 5) ready reversibility of the ischemic insult, permitting assessment of regional metabolite recovery
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Silastic tubing. (In preliminary studies, this ligature was shown by direct observation to permit complete restoration of flow following intervals of carotid occlusion.) Animals were then turned to the prone position and the head restrained with ear bars in a head-holding device. A median longitudinal incision was made overlying the foramen magnum, and the atlanto-occipital membrane was exposed. A double-lumen needle made from two 27 ga. needles joined together and surrounded by a plastic sleeve was introduced through this membrane and immediately fixed in place with tissue glue. The plastic sleeve, leaving only the needle tips exposed, served to control the depth of penetration; the free egress of cerebrospinal fluid (CSF) denoted proper placement in the cisterna magna. The overlying muscle was then reapposed over the needle with tissue glue. One barrel of this needle assembly was connected via polyethylene tubing to a strain-gauge transducer (Statham). The other needle barrel was connected via similar tubing to a syringe which was used during the ischemic period to infuse mock CSF via a Harvard infusion pump. The composition of the mock CSF was that used by Ljunggren et al. 2 This fluid was tonometered with 5% carbon dioxide prior to use; the measured PCO 2 of the fluid was 35-37 mm Hg. The temperature of the mock CSF was held at 37 degrees C.
Arterial blood samples were drawn at frequent intervals and assayed for PCO 2 , PO 2 and pH in a multielectrode system (Eschweiler and Radiometer). These values were corrected for any deviation of body temperature from 37 degrees C according to the Severinghaus nomogram. 7 A bipolar electroencephalogram (EEG) (anteroposterior orientation) was obtained from each hemisphere by a specially constructed silver electrode array apposed to the exposed calvarium by a spring-loaded arm. Arterial blood pressure, intracranial pressure, and EEG from each cerebral hemisphere were recorded on the channels of a polygraph (Gould).
Production of Cerebral Ischemia
One hour before beginning the ischemic insult, halothane was discontinued. Following stabilization of the animal and just prior to the onset of ischemia, heparin, 50 units, was administered intravenously. The ischemic insult was initiated by first occluding the right common carotid artery with the atraumatic ligature described above. Next, mean arterial blood pressure was reduced to 100-110 mm Hg, as required, by arterial hemorrhage into a plastic syringe. Mock CSF was then infused so as to elevate intracranial pressure to 40-45 mm Hg. Thus, cerebral perfusion pressure to the left hemisphere was approximately 55-70 mm Hg, whereas right hemispheral perfusion pressure was reduced into the ischemic range. Over the next two minutes, the EEG exhibited progressive high-voltage slowing over the right hemisphere, ipsilateral to carotid occlusion. The two-minute point was taken to be the zero time for the ischemic insult.
In sham-operated control rats, the carotid arteries were exposed and surrounded by the ligatures but were not occluded; the needle assembly was placed in the cisterna magna, and mock CSF was infused so as to produce only a minimal elevation of intracranial pressure (10 mm Hg).
Brain Freezing
The method of transcalvarial freezing was employed. 8 In brief, a small plastic cup with a 2 cm diameter hole in its bottom was sutured to the exposed cranial vault and secured to the adjacent cutaneous tissues. Liquid nitrogen was poured into the plastic cup over a 10-min interval while mechanical ventilation was continued. If mean arterial blood pressure declined below 80 mm Hg during first 3 min of the freezing process, the animal was discarded.
Regional Brain Sampling
The frozen head was trimmed under continuous irrigation with liquid nitrogen on a band saw to remove extracranial tissue. Calibration marks were then placed at standard points on the calvarium, and a vibrating saw was used to produce standard coronal sections. Each such section was stored under liquid nitrogen. For regional sampling, coronal sections were transferred to a glove-box refrigerated at -30 degrees C. After 5 min of temperature equilibration, an 18-gauge thin-walled needle was used to punch cores of tissue, oriented perpendicularly to the plane of section, from multiple regions of the cerebral cortical mantle and subcortical structures (see fig. 1 for diagram of sampling sites). Weighing was carried out to within 0.001 mg in a Cahn Electro-balance contained within the glove-box. Each tissue core weighed 3-5 mg.
Regional Metabolite Analysis
The tissue cores were crushed in a mixture of 0.1 N hydrochloric acid in 99% methanol, approximately 1 '-2 W-x, at -30 degrees C and were allowed to stand for 10 min. To each sample, 300 fx\ of 0.3 N perchloric acid containing 1.0 mM EDTA was next added. The samples were homogenized, the solution centrifuged, and the supernatant neutralized with 1.5 N potassium hydroxide, 0.4 M imidazole base and 0.3 M potassium chloride. The precipitated salt solution was centrifuged and the final supernatant used for assays.
Assays of phosphocreatine (PCr), ATP, ADP, AMP, lactate, and glucose were performed by direct fluorometric techniques as described by Lowry and Passonneau. 9 Pyruvate was measured by an indirect NaOH-enhanced fluorometric procedure. 9 Topographic Analysis of Regional NADH Fluorescence For this procedure, coronal brain slices obtained as described above and maintained in liquid nitrogen were smoothed with a pre-cooled metal file and placed in a shallow liquid nitrogen bath. These sections were surveyed for NADH fluorescence by the method of Welsh and Rieder. 10 In brief, NADH fluorescence was excited by illuminating brain slices with 366 nm light from a Leitz microscope light source fitted with a Corning 5840 filter. Fluorescence (at 450 nm) was record- ed photographically through Corning filters 3389 and 5562 on Polaroid high-contrast film.
Autoradiographic Measurement of Regional Cerebral Blood Flow (rCBF) rCBF was measured autoradiographically with I4 Ciodoantipyrine according to the method of Sakurada et al." Twenty-five /xCi of this tracer dissolved in 1 ml isotonic saline was infused intravenously at a constant rate over 45 seconds via a Harvard infusion pump. Arterial blood was sampled at 2-sec intervals from a short, freely flowing femoral catheter which could be intermittently occluded by a pedal-operated solenoid device. Samples were collected in precalibrated 20 fi\ capillary pipets (Unipette, B and D). Blood flow studies were terminated by decapitation with an automated guillotine, and brains rapidly removed and frozen at -55 degrees C in a mixture of Freon-22 and dry ice. Frozen coronal sections, 20 /xm in thickness, were prepared at 15-20 yum intervals on a cryostat (Hacker). Dried sections, together with calibrated l4 C-methacrylate standards (Amersham), were exposed to Kodak SB 5 x-ray film for ten days. Quantitative densitometry was performed with an automated digitizing densitometer and image-processing system designed after the example of Goocheeetal, 12 consisting of a PDP 11/44 minicomputer, an Optronics Colorscan C-4100 rotating drum microdensitometer, and a Grinnell Systems GMR 270 image-processor. Each brain area of interest was measured on several adjacent coronal sections.
Statistical Analysis
Data were analyzed by one-or two-way analysis of variance, and statistical significance was assessed both by Dunn's multiple comparison procedure, and by Scheffe's S test. 13 Agreement of these two tests was required for a pairwise difference to be judged significant. Table 1 presents physiological data in control and ischemic animals used in the metabolite protocols. There was a small but significant fall in arterial PCO 2 in the course of the ischemic insult in the 15-min ischemic groups, possibly reflecting the difficulty in carrying out respiratory adjustments during this short ischemic interval. A mild degree of systemic metabolic acidosis emerged following ischemia in certain animal groups. Arterial oxygenation remained intact through- Significantly different from out the experiment. The decline in hematocrit, which was most prominent in the 30-min ischemic group, is a probable consequence of systemic absorption of the mock CSF used to elevate intracranial pressure. Table  2 summarizes physiological data in comparable animals studied for cerebral blood flow. Figure 1 presents rCBF values in sham-operated control rats and in animals at the end of 30 min of ischemia. In the sham-operated controls, rCBF values in the two hemispheres were generally symmetrical and fell within the low range of normal values reported previously from our laboratory.' 4 -" This rCBF reduction may reflect the influence of the low-pressure mock CSF infusion (10 mm Hg).
Results

Physiological Variables
Following 30 min of ischemia, rCBF values were markedly reduced in the dorsolateral and lateral zones of neocortex, lateral striatum and hippocampus of the hemisphere ipsilateral to carotid occlusion. When compared to the right hemisphere of the sham-operated group, mean rCBF was reduced by 75%, 86% and 90%, respectively, in medial, dorsolateral and lateral zones of neocortex; by 85% in hippocampus, 56% in medial thalamus, 62% in lateral thalamus, 78% in medial striatum, and 85% in lateral striatum. In the hemisphere contralateral to carotid occlusion, rCBF values were moderately reduced but mean values remained at 0.49 ml/g/min or above in all neocortical or deep gray structures, and at 0.38 ml/g/min in hippocampus. Thus, rCBF values in the hemisphere ipsilateral to carotid occlusion were, for all structures, significantly lower than contralateral values (p < 0.01) and lower Figure 3 depicts NADH fluorophotographs at the level of the thalamus in sham-operated controls and in rats with 15-60 min of ischemia. These images confirm the localization of the most marked ischemic change at this level to be the dorsolateraJ and lateral zones of neocortex, hippocampus, and lateral thalamus. Table 3 presents metabolite data in sham-operated, mock CSF-infused animals. Except for lactate, all values were in the accepted normal range, and with a single exception (ATP), showed no significant leftright differences. The regional phosphocreatine values of 4.6 /xmol/g and higher in all structures and the lack of inter-regional differences for PCr or lactate attest to the adequacy of the transcalvarial freezing procedure. Brain lactate levels obtained in these rats (regional means 1.50 to 2.27 /Ltmol/g) were somewhat higher than the whole-brain values in uninstrumented controls previously published by our group 16 and the regional values reported by others. 8 -l7 The intracisternal infusion in these animals may in part have accounted for this result. The elevated lactate/pyruvate ratio was a consequence of the lactate elevation, since the pyruvate values were within the accepted normal range. Table 4 shows metabolite data in fasted rats with 30 min of ischemia. A marked gradient of ATP was present in the neocortex ipsilateral to carotid occlusion, with highest values in paramedian (medial) cortex, intermediate reductions in dorsolateral cortex, and profound reductions in lateral cortex. ATP depletion in hippocampus and lateral thalamus was similarly severe but in medial thalamus was only moderate. A comparable metabolite gradient in the neocortex was noted for phosphocreatine. Increases in AMP paralleled the gradient of decreased ATP. Brain glucose levels were preserved in paramedian cortex, moderately reduced in dorsolateral cortex, and profoundly reduced in lateral cortex, hippocampus and lateral thalamus. In the neocortex, lactate levels were markedly elevated in both the lateral and dorsolateral zones, despite only a moderate decline in ATP in the latter. Even the paramedian (medial) cortex, the site of preserved energy metabolites, exhibited a moderate tissue lactic acidosis. Pyruvate level was elevated only in the paramedian neocortex. This appears to be a sign of incipient ischemia, prior to depletion of energy metabolites, and is consistent with the observations of others 18 in this setting. The energy charge potential was markedly reduced in lateral cortex, hippocampus and lateral thalamus.
Metabolite Values
Metabolite data in the striatum were obtained in a second, matched series of rats with and without ischemia. These values are presented in table 5. The lateral striatum was the site of marked depletion of ATP and PCr together with elevated lactate and marked reduction of tissue glucose; these alterations resembled in magnitude those observed in lateral cortex and hippocampus (table 4) . Ischemic changes in medial striatum were less severe, with intermediate declines of ATP and PCr together with lactate elevation similar to that of lateral striatum. These changes were comparable in their pattern to those of the dorsolateral cortex (table  4) .
Previous observations in nitrous oxide-anesthetized rats from our laboratory (Busto et al, unpublished) have confirmed that the fed state is associated with significantly higher brain glucose stores than the fasted state. High brain glucose levels in the fed state have been noted by others as well. 3 8 To assess the influence of this variable on behavior of brain metabolites in this model of ischemia, two groups of animals were studied with 15 min of ischemia. Fasted rats (plasma glucose 142 ± 6 (SD) mg/dl) had approximately 24 hr of food Mean values, (SEM), /imol/g wet weight, n = 4. Mean plasma glucose 189 ±50 (SD) mg/dl. *Significantly different from R lateral cortex, p < 0.01 (two-way analysis of variance). deprivation, whereas fed rats (plasma glucose 379 ± 15 mg/dl) had unrestricted access to food pellets. Table  6 and figure 4 present brain metabolite data in these animals. In the left (non-ischemic) hemisphere, mean regional brain glucose values in fed rats were 2.64 ± 0.27 (SD) times higher than in corresponding structures of the fasted group. This ratio is similar to the ratio of mean plasma glucose values (2.67) in the fed vs. fasted rats. The gradient of ATP and PCr depletion in the ischemic hemisphere of the fed rats was comparable to, and parallelled that observed in the fasted group. Brain lactate levels in the paramedian neocortex were comparable in the two groups, whereas in the remaining ischemic structures there was a marked elevation of brain lactate in the fed group compared to fasted rats. Despite a greater severity of ischemia (as judged by ATP depletion) in the lateral than dorsolateral neocortex, lactate levels in these two areas were similar in both the fed and fasted groups ( fig. 4) and attained mean values of 23-25 //.mol/g in the fed group.
Discussion
The present model of hemispheral ischemia in the rat combines unilateral carotid occlusion, moderate elevation of intracranial pressure, and mild reduction of arterial blood pressure. The necessity for the latter two procedures arises from the abundant arterial collateralization of the rat brain, such that unilateral common carotid artery occlusion results in only a small reduction of CBF (less than 20%) 19 and fails to perturb cerebral energy state 20 unless accompanied by systemic hypoxia (the so-called "Levine preparation" and its modified version), 19 -2I - 22 or by moderate arterial hypotension. 20 The increase of intracranial pressure to 40-45 mm Hg achieved by intracisternal infusion of mock CSF, when superimposed upon unilateral carotid occlusion, lowers ipsilateral cerebral perfusion pressure sufficiently to reduce blood flow within that hemisphere to ischemic levels. The addition of mild systemic hypotension serves to render the hemispheral ischemia more consistent. Although intracranial pressure elevation has been used alone to produce both complete and incomplete degrees of global forebrain ischemia, 2 ' 23 -24 its use in conjunction with vascular occlusion to produce focal ischemia has not, to our knowledge, been previously reported.
Radioisotopic flow studies (figs. 1 and 2) documented a high-grade ischemic deficit, maximal in dorsolateral and lateral cortex, lateral striatum and hippocampus of the hemisphere ipsilateral to carotid occlusion. Both the absolute mean level of CBF in these structures (0.07-0.12 ml/g/min) and its percentage reduction (10-15% of control) fall below the threshold values established in primate studies as being required for the maintenance of cerebral electrical function 25 -26 and neurological state, 27 and are near the value of 0. !2 ml/g/min at which ischemia of 2-3 hrs duration has been shown to result in local infarction. 27 28 (See refs. 29 and 30 for review of ischemic thresholds.) Recent studies have suggested that inter-species variability may exist, however, with respect to the absolute CBF threshold required to derange cerebral electrical function or produce histological injury. 31 In the rat, Tamura et al 32 - 33 have produced ischemic cell change at rCBF levels of 0.24 ml/g/min or less -a threshold value higher than that found for cats and primates. This is in keeping with the higher resting level of CBF"-l4 -l5 and glucose metabolic rate 14 -34 in the rat and is perhaps attributable to the higher neuronal density of this spe- (table 3) by two-way analysis of variance, tdenotes significant difference at p < 0.05; *denotes p < 0.01.
For each structure, ipsilateral values were compared to contralateral values by two-way analysis of variance, tdenotes significant difference, p < 0.01.
For each metabolite category, significant differences were sought within ipsilateral and within contralateral ischemic structures by two-way analysis of variance. The following significant differences were found among various neocortical regions ipsilateral to carotid occlusion: a and aa = dorsolateral cortex vs. medial cortex; b and bb = lateral cortex vs. medial cortex; c and cc = lateral cortex vs. dorsolateral cortex.
The double symbol denotes p < 0.05; the single symbol, p < 0.01.
cies compared to the brains of larger mammals. 35 -36 Energy metabolite assay in the present model revealed a marked depletion of ATP and PCr in the ischemic lateral cortex, hippocampus, lateral striatum and lateral thalamus (mean values 0.10-0.32 (ATP) and 0.43-0.53 /xmol/g (PCr)); and intermediate declines in the ischemic dorsolateral cortex, medial striatum, and medial thalamus (0.69-1.18 (ATP) and 1.32-1.64 jumol/g (PCr)). The graded character of the metabolic alterations in the ischemic neocortex of this model is of particular interest: The paramedian (medial) cortical area, on the edge of the ischemic zone, exhibited moderate elevations of lactate in the face of only mild reduction of energy charge and nearly normal ATP and PCr levels. The contiguous dorsolateral zone showed more markedly elevated lactate levels and intermediate reductions of ATP, PCr, and energy charge. In the lateral cortex, lactate elevations were no greater than in dorsolateral cortex, yet energy depletion was nearly complete. The elevation of lactate in all neocortical zones suggests that glycolytic rate is enhanced in these areas, but this is insufficient to offset the metabolic consequences of the increasingly severe tissue anerobiosis with progression from medial to dorsolateral to lateral cortex, which is associated with progressive depletion of tissue glucose stores and eventuates in profound energy failure in lateral cortex.
The marked failure of energy metabolism such as occurred in lateral cortex, hippocampus, lateral striatum and lateral thalamus is a well-recognized hallmark of ischemia. 35 The metabolic profile of the dorsolateral neocortex, in contrast, serves to mark it as a "penumbral" or marginally ischemic zone. 29 To epitomize, its features include marked tissue lactacidosis, intermediate degrees of ATP and PCr depletion, moderately increased ADP and AMP levels, and moderate-tomarked reduction in adenylate energy charge (table 4) . We regard the ability of this model to generate a consistent metabolic penumbra as one of its unique strengths. Previous studies of the penumbral zone in focal ischemia 29 - 31 37 have emphasized electroencephalographic suppression with relative maintenance of potassium ion homeostasis but have not characterized the energy state of the affected tissue. The consistent metabolic state of the dorsolateral neocortical penumbral zone suggests the suitability of this model for morphologically directed inquiries concerning the vulnerability of cortical neurons to intermediate degrees of energy failure. These studies are currently in progress (Ginsberg et al, unpublished ).
An alternative explanation for the intermediate degree of energy metabolite depletion in dorsolateral neocortex is that this transitional zone contains an admixture of tissue elements, some having normal energy state, and the remainder having severe degrees of energy metabolite depletion. This is unlikely, howev- er, in view of our finding that brain lactate levels in dorsolateral cortex are elevated to the same extent as in lateral cortex, which is severely energy-depleted.
The hemisphere opposite the carotid occlusion remained metabolically relatively unscathed by the ischemic insult, apart from regularly elevated lactate levels (mean 3.6-6.3 yumol/g) in all neocortical zones. This may be attributable to the moderate degree of CBF reduction documented contralaterally, consistent with the cerebral perfusion pressure to that hemisphere predicted on the basis of the intracranial pressure elevation and arterial blood pressure reduction.
The pattern of hemodynamic impairment in the present model tends to resemble, in its major aspects, that produced by occlusion of the proximal portion of the rat middle cerebral artery (MCA) 32 -" in that the lateral neocortex and lateral caudate nucleus are structures rendered most ischemic. In the latter model, however, hippocampus and thalamus remain non-ischemic. The degree of ischemia in the present model, however, is in general more severe than that produced by MCA occlusion -a model that necessitates surgical invasion of the intracranial space and requires a high degree of technical skill and experience to produce without traumatizing the brain. In the latter respect, the present model appears to have a distinct advantage.
We consider the present model to have advantages, as well, over the gerbil model of unilateral common artery occlusion 38 for the following reasons: a) larger size and blood volume of the rat, which facilitate all operative procedures and lessen the hazards of blood withdrawal; b) the consistency of CBF and metabolic changes in this model, compared to the only 30-40% of gerbils having successful ischemic lesions; 3940 and c) lack of EEG evidence of seizures in the present model (in animals followed as long as eight hours postischemia), compared to the high incidence in the gerbil model.
39~" ' The model of focal hemispheral ischemia in the rat by microsphere embolization 42 is also complicated by a high incidence of seizures.
In ongoing studies in this animal preparation (Ginsberg et al, unpublished), we have demonstrated the ease with which ischemia can be terminated by the release of carotid occlusion, cessation of mock CSF Mean values, (SEM), f i moVg wet weight, n == 4 for fasted rats and 3 for fed rats Significant difference between corresponding values in fasted vs. fed group: fp < 0.05; *p < 0.01. infusion, and reinfusion of shed blood to restore blood pressure to pre-ischemic levels. Post-ischemic animals routinely remain stable systemically during several hours of physiological monitoring. The major impediment to chronic survival is the CSF rhinorrhea, regularly observed in this study, which appears to be produced by rupture of the cribriform plate during mock CSF infusion, and which would necessitate anti-bacterial prophylaxis against meningitis should chronic survival be desired. The consistency and reproducibility of both the topographic distribution of ischemia and its regional gradations of intensity in this model make it well suited to metabolic as well as pathological investigations of the differential regional vulnerability of the brain to intervals of transient ischemia. A companion study analyzing flow-metabolism interrelationships and neuropathology in recirculated animals (Ginsberg, Graham, et al, unpublished) is currently nearing completion. 
